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ABSTRACT

\/ ) \ e
A theoretical model has-been developed for the prediction of forward bias

second breakdown due to lateral fﬂermal instability in power transistors operating
at low frequency. The method of analysis is to derive the steady-state

current density and temperature distribution of a given transistor design

under specified operating conditions and then caiculate the response of

the device to an }nterqally applied temperature impulse. The current flow

L -

calculations -have-been carried out using a distributed transistor model
s .

and a finite difference approach is used for the time-dependent heat flow

problem. The effect of device design parameters such as chip thickness,

base width, emitter width, base impurity concentration, etc., on the

Lot .

thermal stability has—been calculated. Also the effect on “ransistor
p;

stability of the current apd voltage operating point, as wil as heat

sink temperature'haS“beeg*analyzed.: Information on the stability of a
power transistor under pulsed conditiéns is derived by calculating the

time constant in the case of thermal run away. A simple experimental
technique for determining the temperature distribution on the surface of

a transistor chip under normal operating conditious using liquid crystals,
has been developed. This, coupled with electrical voltage probing, permits
an estimation of the current density distribution in the transistor emitter
fingers. A test circuit has been constructed for the determination of the
power limitation due to second breakdown. DC and pulsed operation as well

as the temperature dependence cf this failure mechanism have been studied

in a preliminary way.
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Finally a method for calculating the stabilizing effect of emitter
resistor ballasting is indicated and a new technique for improvement of the
forward bias second breakdown behavior of transistors is proposed. The latter
method involves the use of a deposited thin film germanium resistor to

sense the temperature locally and to shunt to ground excess current which

may be drawn spuriously by a particular emitter finger.
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i.  INTRODUCTION

The primary purpose of the work described in this interim report
is to investigéte the factors which limit the maximum thermally stable
operating power of bipolar transistors, both theoretically and experimentally.
The results suggest practical devices designs which are optimized with
respect to the reliable operation of power transistors at low frequencies.

The power handiing capability of a transistor operating as a switch or
amplifier is seriously limited by the phenomenon called 'second breakdown'.
This effect is believed to result from current concentration somewhere
in the device in high power operation, causing severe localized heating,

Consequently, the device characteristics are often irreversibly
degraded.

Due to this failure mode transistors available today are rather
limited in their high power capability compared to multilayer semiconductor
switches. For example thyristors are available, at a moderate cost,
which will handle several hundred amperes and block a thousand volts in
a switching application. However transistor switches which can operate
reliably at this power level are unavailable at present, mainly due to the
second breakdown failure mode. One major difference between transistors
and thyristors is that the current injected by the emitter of a transistor
is generzlly not uniform over the whole emitter area but is constricted
to the edges or center of the emitter causing local heating there. This
is in contrast to the uniform current emission over the whole cathode area
of a thyristor in the conducting state. Hence a substantial portion of

this research has been devoted to ascertaining both theoretically and




experimentally the device design factors affecting the distribution of
current over the emitter area of a power transistor cp2rating in the
active region at low frequency.

Much progress kas teen made in recent years in obtaining a comprehensive
understanding of the basic nature of the instability problem obServed in the
high power operation of bipolar transistors, referred to as second
breakdown. A survey of early studies of this phenomenon can be found in
a paper by H. A. Schafft [1]. The bulk of these studies indicate that
the nature of this instability is basically thermal in origin, deriving
from the large positive temperature coefficieat of the transistor emitter
current. Power dissipated internally in the device, when put in operation
in the active mode, occurs mainly in the collector space-charge layer and
is given by the product of collector current and the collector voltage
across this region. This results in a thermal flux which is directed
back towards the emitter junction, heating it and causing additional current
to be injected towards the collector. The process then repeats itself
resulting either in the achievement of a steady-state current density and
temperature distribution or a potentially destructive thermal run away
situation. Also a spurious small temperature inhomogeniety (hot spot)
somewhere near the emitter junction can cause a severe localization of
current and hence a '"lateral" thermal instability which grows exponentially
with time [2].

Analysis of this problem is complicated by the fact that the emitter
current density is never really uniform over the emitter surface in a

transistor operating in the active mode. A transverse voltage drop in
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the transistor base region éue to base currcat flow tends to bias the ’ -

- -

. - I B _ <
critter current to the emitter edges. At high power densities nos-uniform

internal heating wili 21so a2ffect the current demsity distribution in the

- -

enitter. This complex situztion has beea analyzed- in some detail wsing 2
M L4

P

distributed transistor model [5]. The calculaticn provided a rough -criterion

for thermal stability but ignored thermdl iateractions ocauring under X -
| -

the transistor emitter. - ) : . -

A major purpose of this report is to describe a2 theoretical technigue

for desonstrating in a more precise manner, whether a specifically defined

transistor structure operating with a given collector current and voltage

3 is thermally stable. On"y forward second breakdown ‘wi-ll be considered -

‘— - .‘ - - - -~ -
1 where the transistor is operating in the active =ode. The co=ponent of base

current due to collector leakage is not considered. The results of

L]

calculations investigating the stability of a variety of tr'ans:istor' structures

- - .

will be presented. The method used is to first establish the steady-state
T ;
- * - : 1
current density and tel_np'era-.tur’e distribution over the entire emitter 2junction
. . . LI . . . = £
of a transistor operating in the active region at’ a particular power level,

according t6 a distributed transistor model [3]. Then a temperature impulse

at

is assumed somewhere near the emitter at a'particular instant in time.

, The current density and temperature redistribution due to this heat spike

5

is then fo{lowéd in ti‘me with the aid of a computer program: Either the .

effect of this disturbance will settle down in a finite period ¢f time or .
an instability will occur resultinmg in thermal run away. Since theécurrgnt

- b1 1 - «?
density and temperature distribution are calculated after each small time

. interval, this model can provide information about the delay time
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for thermal run axay. This Jdata is very important in evaluating the
transistor’s capability in pulsed operation.

A test circuit for experimentally determining the thermally stable
power capability of comeercially available power transistors operating at
low freguency is also Zerein discussed. TkRe results of such measurements
on a fex device types are presented. Tke effect of device design, current
and voltage operating point and heat sink temperature have been thus
experimentally investigated for ultimate correlatior with the theoretical
studies.

A technique has been developed to determine simply and inexpensively
the temperature and current depsity distribution in 2 power transistor in
operation. The method involves the coating of the transistor surfa-e with
cholesteric liquid crystais which are temperature dependent and assume a
particular characteristic color of the temperature of the silicon chip,
locally. This permits visible observation of the temperature distribution
over the transistor surface. Electrical voltage probing along the transistor
enitter fingers! coupled with the temperature data allowed the current
density values along and among the emitter finger to be calculated.

Methods for minimizing the thermal instability of a given transistor
structure were investigated. A technique was derived for calculating the value
of ballast resistor which must be placed in series with each emitter finger
to insure thermal stability by limiting the current carried by that finger

should it become Ligher in temperature than the other fingers. Also discussed

1. Devices with interdigited emitter structures were investigated.
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resistor to skemt o ground excess base currest which will texd to be
draxn by excess temperature rise at 2 particular site of am cperating

Transistor.

I1. TEEORETICAL PREDICTION OF SEQOND BRERTIORA

A_  Electriczl znd Thermzl Model:

The device chosen for anzlysis Is z nipe-finger intemdigited power
trassistor chip which is showm im crous section im Fig. :. Since the
temeratuere of the inmmermost emitter finger tends o be maeximsm, it is
expected that the thermzl stzbility of this fizger is most critical amd
hence this center finger 2lone is znzlyzed in cdetzil. Only a two-dimeasionz2l
mwodel of the transistor cross section is assumed and the non-uniformity of
current flox due to any volizge érop or temperature variation zlong the
length of the emitter finger is Sgnored.

The steady state current density and temperature distribution
transversely along the emitter base juaction are calcuizted by using 2
distributed model [3] of the active base regicn of the tranmsistor. This
teaperature dependent transistor model makes use of an isothermal wmodel
developed by Schlax [4]. The two dimensional transistor geometry considered
is shown in Fig. 2. The longitudinal direction is denoted by x-coordinate
and the transverse direction is denoted by the y-coordinate. In order to
calculate the current and potential distributions in the active base

region of the PNP device the following basic equations are used:
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The flow relztioss =

3 =a s {z)
I =g+ BT (e
Se = T B =
Tee Contimmicy relatiozshins (assumipg me treppicg)
q =] %
- 3
q “h
Causs's izw
FE=2 ©)
€

¥exxell's Eguations

(311"

VxE=0 )

Steady state conditions and the 2bsence of noa-equilibrium volume carrier
generation processes zre assumed by equations 5,4, aad 6.

The distributed model of the transistor coasists of 2 mmber of one-
diaensional transistors with their bases coamected through discrete
resistors and with their eaitters and collectors conmected together as
shoxn in Fig. 3. For the present analysis the active base region of a
PNP device is broken into forty imcreaents of eq;xal width vhich corresponds
to forty-one parallel transistors.

Because of the non-linear nature of equations 1 - 6 at medium and

high levels of injection the following simplifying approximations and

-
See page Z5ff for definition of symbols used.
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The Boltznemm relatrionship is assemed to hold zrue alosg the base
enitter jrraciion ar all injectiom lerels.

The Einstein relatiomship is zssumed to be true exerywiere in zhe
active bese region and emitter regiom.

Qzsi-neorrzlity is zssumed to bold true 2t 211 imjection levels.

Tt is assumed that there is z linesr gradient of mirmority zod majority
carriers across the base width in each imcrement of the active base
Tegion.

The carrier concentracions 2long the entire bBase-collectsr jumction
are assumed uaiform znd eguzl to the equilibrimm carrier comceatration
in tte active base rmegion.

The lifecime of minority czrriers in the bzse and emitter are assumed
to be comstant for 211 leveis of curreat.

Recozbination in the base-emitter aad base-collector space-charge
regior is meglected.

The component of base current imjected into the collector regioa is
assumed to De negligible in comparison with the total base current.
The dopiag profile of the transistor structure is assuzed to be umifora
in the emitter and base regions with an abrupt junction between. The
eaitter region is assumed to be very heavily doped with respect to the
base region and hence essentially eguipotential.

As snown in Fig 2, the device being analyzed is symmetric about the
base nidplane. Thercfore only half of the active base region need

be analyzed. The transverse base current at the midplane is zero.

-10-
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{(11) Tke base width is assumed to be fixed and independent of operating
conditions.

(12} The transverse mimority carrier curreat in the base is assumed to
be zero.

{(153) The total Iongitudinal majority carrier current dersity is assumed

to be mxh less than either its drift or diffusion component.

By using the assumption that the loagitudinal (x-direction) mziority
carrier current is mich less than either its érift cr diffusion compozents,
the loagitudinzl aznd transverse components of eiectric field are erpressed

i4] oy

-}

E (x,¥) = In a(x,y) @)

rnlw'
g}lm

E(ey) = o5 & Inn(xy) « = L dnf 'Rfil;i’(%fﬁll ®)

where p and n are the minority and majority carrier concentrations and
po(w,y) is the equilibriua hole concentration on the base side of the
base eaitter junction which is assumed to be equal to the equilibriuam
hole concentration in the base region (i.e., po(w,y) =P, = nzlno).
Substitution of the equations (7) and (8) into equations (1) and (2) give
the following expressicns for the ainority and majority carrier current

densities in terms of carrier concentration:

I (5¥) = -aD,p(x,y) 2= Infp(x,y)n(x,y)] )

Joy oY) = DAL Inlp(e,yIntn,y)] - Linlp, (4,11} (10)

-11-
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qﬂee?(w,y)n x,5)

Jex(w.s-‘)

Lee?eo
where
Eée is the diffusion leagth of

U ¥ ;-
l!‘ee = (Dee‘e) ],

» 1) ‘

electroas in emitter region

Dee is the diffusion constant of electrons ir the emitter region

at low levels of imjection

and

Peo is the eguilibrium hole concentratior in the emitter region.

The Einstein relatioa [ Delue = Dhlah = kT/q ] is assu=med valid for non-

equilibrium conditions.

The incremaental resistors, RI’

transistors, are deterained by assuming a linear distribution of electron

which separate the one-dimensional

concentration across the base znd by using the average electron concentration

to define the electron conductivity
aI = qu n
e Pe Taye ’
where
I -
nve = 0.5[n{w,I8y) + no]
angd
H
Ay-ﬁ-

Thus, the incremental Tesistors can

where

az is the average conductivity o

-12-

by
{12)
1<IcN (13)
(14)
be expressed as follows:
(15)

f the Ith increment,




T

T
.

W

L]

q is the electronic charge

ngye‘is the average electron concentration in the«Ith increment,

n, is the equilibrium electron concéntratgon.inuthe‘actiVe base, -
ui the mobility of elecfrons in Ih increment
H is half the emitter finger width,
N is the number of increments of hélf the. active base, chosen to be-

20 for the present analysis, A

w is the base width

and L1 is the emitter finger length.

The carrier mobility ui is assumed to be a junction of nive' The following

functional relationships given by Smythe [5] are utilized:

u
n = ho (16)
1+ an(xy)/n
and
yos Heo a7
e .
1 +anxy)/n
where
U
ho
a = ———=[n_ -p] (18)
B oysx10%0 © O
and
u
€0
a =a —-. (19)
€ h Yho
Mo and Moo 2T the low level injection hole.and electron mobilities

respectively and n is the majority carrier concentration. For the present

analysis n(x,y) is taken as the average electron concentration in =ach

-13-
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increment and is given by Equation 13. By using the Einstein relation
[De/ue = Dh/un = kT/q) and Eqs. (16) and (17)f4§;miia; funct?énal’rélationéhipé
for the electron and hole diffugion céhétants ér; ob%ained:

In ;rder to defermine the tfansverse pbféntial'drop in ghéAbése region
from the emitter center fo4eﬁitter edge, the ificremental voltage érbps
across the incremental resistors’afe summed. The'baée.current of each

incremental device is assumed to be composed of two components

I

1
=t
+
—

I )
b~ ‘be ' br 2glza (20)

T~

I I
O.S(Ibe + Ibr) for I = 1,21,

where

is the total base current of the Ith incremental transistor,

I. is the portion of I

R injected into- the -emitter regica,

I

T O O -
(o I o i ]

is the portion of I

region and where I; and Iilare divided by two due to symmetry.

r which recombines with holes in the base

The emitter back injection current of electrons for each increment is given
by [4]

I _
Ibe = LlAy Jex(w,IAy). (21)

After substituting for Jex from Equation (11), the above equation becomes

II i LlquDeep(w,IAy)n(w,IAy)
be

(22)
LeePeo

The bulk recombination current is calculated by approximating the minority
carrier concentration in each increment by a linear distribution as follows:
vl dyp(w,Idy)

br Zrh ’ (23)

I
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where Ty is ‘the lifetime of holes in the base region.

‘At low levels of injection the "emitter defect" f6] is defined as

Ib : _
DEFECT = 7 , (24)
b
where Ib is the total base current and Ibe is the portion injected back.

into the emitter. The analytical expression for low level defect is

given by [4]

DEFECT = 1 (25)

1+ WLeepeo

ZDeeth n(w,0)

The total base current contribution for each incremental transistor
is given by I;. However, the total current flowing through each incremental
resistor is the sum of the base currents contributed by each preceeding

devices. Therefore the current flowing in each resistor is expressed as

I =L + 1 1<1<19 | (26)

1l
and IRl = Ib. 27)

Since the transverse base current is composed of diffusion and drift
components, the incremental voltage drop across each incremental resistor

is defined as:

I
AVI = Ygp IRIRI (28)
where .
- JeDrlft(w,IAy)
v, = =X . (29)
I* 5w, Iay)
ey’ y

Here Yir is the fraction of the transverse base current that is drift current

in Ith increment and satisfies the condition

~15-
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<1 : (30)

For iow levels of injection Ygr = 1.0 .and for high levels of injection

Yyp = 0.5 [4].

Jey(w,IAy) is the transverse electron current density in edch increment
and Jegrlft(w,IAy) is the drift .component of transverse electron current
density.

Using the Boltzmann relationship and knowing the difference in potential
between two discrete points along the base-emitter junction and the minority
carrier concentration at one point, the minority carrier cohcéntration at
the second point is calculated as follows:

qV

I+1
p(W, (1+1)8y) = C explr——] (31)
I+1
vy
and p(w,I4y) = ClexP[ET;J’ (32)

where
C1 is a constant proportional to the reverse saturation current,
VI is the junction voltage at a discrete point along the base-emitter
junction,
and TI is the temperature (°K) at a discrete point along the base emitter
junction.

Assuming the entire transistor to be an isothermal region

and from equations (31) and (32)

p(w, (1+1)ay) 4814

oIy - el b (33)

-16-




where

ez

¥ - Y~

Biei = Y1 Vs

The assurption that the emitter is isoihermzl is found to be reasomabie

at high current leveis for vaiues of collector voltage approaching zero oaly,

and as the value of the collector voltage is increased, the d.c. keat

Yee
dissipated in the collector space-charge regiom causes 2 transverse therma}
gradient aziong the em:tter-base jumction [3].

The tesperature distribution in the base region is obtzined by soiving
the heat flow problez in the power transistor structure by finite dirference
method [7]. The two-dimensional region considered for the heat flow problen
is shown in Fig. 4 with assumed boundary conditions. Due to symmetry
aT(x.0)/3y = 0. It is also assumed tﬂat 3T{x,L}/3y = 0 half wuy between the
edge of the center emitter and the edge of the adjacent emitter, considering
that most of the heat generated goes into the heat sink and very little is
radiated from the edges of the chip. The heat sink is assumed to be held
at a uniform fixed temperature, Ts. Assuming that the internal heat
generated by the transistor occurs mainly at the base collector junctionm,
the boundary condition at this junction is given by KoT(W,y)/dx = VCEJC(y)
where K is the thermal conductivity of the transistcr semiconductor material,
VCL is the emitter tc collector voltage which is assumel to be nearly
entirely across the base collector junction and Jc(y) is the minority
carrier current density at the base-collector junction. It is further
assumed that negligible heat is radiated or convected from the chip surface
to the ambient. Hence 3T/3x = 0 at the chip surface between emitters. The

temperature dependence of the thermal conductivity of silicon as measured

-17-
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Fig, 4: Region ol" analysis with assuwed bourdary conditicns
for the steady state heat flow prcblez. Since the
temperature of the central emitter finger is maximm,

s
only this i’i'nger is consiilered, Due to syzzetry it is

necessary to analyzs only half of the center finger,
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The first ceder comgputstioral melecxle for the firite difference

metiod of sslxtiam of the hesz flo prodler is siowr im Fig. 5. For steadr
state condition, the teal tHa® exters each node st equal the heaz thaz
leaves the node. The ezt balmce for peint (x.¥) gives the Sollowizg
expressioe for the temp atz this node [9]:

Tex,5) = 1 [K, T(x-B, 5)=K T (xsd, rhok (X, 5-B)eK T (x. 7o2)] . (55)

: L e Y

siers x z2d ¥ increwetts ave both takem as b aud

%, is the thersal comductivity at %ﬁ?(x—:‘n,y)ﬂ‘(x,y)],

f X, is the thermal cwdurtivity at A{T(xek,s)T(x, 1)}, etc.

: Tee temperzture Tariziicm alorg the emitter-tase Juoctiom is wtilized

e 20 czlcziate the temerzinure dependence of imtrimsic carrier concemtraliom,

« miﬂ) and the emitler-Szse juz.tiom voltage 'ri [53]. Toe teaperature
‘ éependence of nﬁl in the e increment is expressed ss follows [101:

s s
; n;Im= o expl-£_/x7]1, (35
3 where

CZ .S a consiant, independeat of temperature, and Ego is the width
of the energy gap extrapolated to absolute zerc.
Tne experinental expression for the intrimsic carrier concentraiion for
silicon is given by [10]
n (T) = 5.88 x 10'% 77/2 ¢7000/T -3 G7)
' -19-
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Yo ouglisand! s refesonnr (5] am fterazsve proveduse wshuch aediifies the
esittes-base wellapes 135 wsed T odtain 3 compatible currext demsity and
tesperature distribugiar 32 the ewitier-Dese jumctism.

The desigr pacametess sssamed for the PWP plansy Srarsister struclore
xelyzed aoe listled inr Tadle B. ‘H&cnﬂx&swftﬁzmp@, :eznﬂ
zﬁmmmm&mmma- (35) is sinixized whiie
the valve of low level irternal gaim Is ield fixed. The ausiyrical
expressior for the low level imterral commcr emitter gzir witdch Is the gaim
cf the active poriice of & device, meglecting scrface recomBization and

CondacTivity madxizzicn im the Iractive Base regicwm, is as follows [4]:

; Emfm 1
? Bz =3 (55
5 = * I+ D T nfx0
i &
“eeFeo
Br mimimizing e low levei defect, the percertapes crowdimg Thal oorurs

2t high levels of imjection is mimimized aud the gaizm f2i1 off is smailer 753,

The vaives of low lerel mocSiiities » .

20" “een” ko T° Orained ¥

wsing the <ata compiied Oy Irvim [11i. Tke Deat sizk temeraure is assmed

to De 28.3°C wniess otherwise specified. The total curremt demsity aiorg

Ty

the emitter-base juzction i.ihx(v,y) . Ju(w,y)] and the texperature
éistribotion for varicus design parameters and operatimg conditions have been
faizxciated and are discussed in tze next sectics.

The stability of a particular operating condition of a specified power
transistor design is tested by introducing a2 temperzture izpulse somewhere

near the emitter junction at a particular instant in tize. The current

density and temperature redistribution at the emitter-base junction due tc
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i Meaz spofe 25 CHew followed rap time with the 334 of 2 comuder g -
Ertier the effect oFf his deshuvBuomoe w3iI seqrlis dowr p 2 fimite pesicd of
zime o &y DmstaBrlicy wil ooony resolTimp Ar Thesmal cumamar [2].

T pepiom of zmlivsis w3Th zsemand Scumdery comdetioms for the cine-
dependers ezt flow problen is showe Zm Fig. 6. Simce the aosomed symmetry
et he fnse nid plans is mo lomprr walild, the shele Brse regiom is
ayalyzed. It shoclf o, zoizted got thae IS ther eat iapulise ooorrs samesbere
Dewesn The emicter fimpers, Cher Boomdrry comdiTioms FE(r,B)fzw = @, and
Fi(x,-LifFr = O zre 20T Tery rezxlistic Bt ther The rom aweEy sitteEtionm s
fexs crrviczi. Tae Jirst ordfer computaztiom:d molecxle for the fimite
differemce method is s2owr Iz Fig. 3. For the traesiemt prodlem the beat
TEEL SDIETE €2t Inde DTS TOF DEEt OCT doTing & fimite TEme Imterval mnsT

egxzi the prodme: of tThe oode Desl c2oecily 2nd the oode temperainTe rise
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- T
where o is the mass demsiiy, ¢_ is the specific he2t and b is the lengix
P4 <
o the time izncrensnt.
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A temperzture izpulse of 3°C is applied at the point

{(x,7) at time t= 0.




aad simplifyimg, e followimg erpressiom is cbrainsd for the mde

temreTainre 2= 2 fumrison of tine:

oy * = .z
- T i] ol - L 2
R

fE 5 le-R, 5,0 w8 Tlzh,¥,7)

. 4 ,
LT £,t) 8, T(= - z)-
LT{x,r-2.0) «& T(z.rr2,0] « BGT,rx,2). ($1)

The vaine oF The sgatiz® Imtervzl b is specified amd the tine imteryzl,

- - - . en - _— - S - -y = P
B, Is choses stk Ther the co=fficies: (I!-E)} iz Eg. ($E) is zluays positive.

At sume perticsizr time imstaat T o« 0, whes the travsistor is operating im

the stezdy Stzrie comditiom, 2 Iomperzinre Imculise of z few degrees cemtigrede

2t 2 point {x,xr] samesdere nesEr e emiTier, 25 showm inm Fig. 6 is assomed.

transisior model and the tooodery cosditicom FT{N,.¥, S

B b
=
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The corresrondiTg corTent demsily refistriiution is obtzined by the
¥ =

D2se Fjuocta Yosi1l2ges, ¥, 2zt ths ICriy-one CISCIete pOLIIS ZIe 2SSTmSs o
-
TEMBIS CORSTEIT 2T Tneir siesdy-sizte values, &uring this redistTizutios.

operziing umder sizble fonditions. On the other hznd if the temperzture

intrinsic is recordec and :nstebiliity is predictied.
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List of Ssmbols

comsiant for the electson modilitr wvariztiom witk comcertratico
coastizt for the tole nodility variatics with comcemtratiom
COTSTEDT DropGTiioral o reverse saturatiom corrsmt

cowstant, imdependext of temperziure, for the temperature variztiosz

ef imtrimsic elertronm comcentratics

Diffrsior coxstazt for electroms

Diffzsion comstast for electroms im emitter regiom a2t luw lerels of

Diffesion comstaznt for beles

Width of the ecergy gap extrepoizted o absolute zerco

spetizl incrememt for f.aite differemce method

spatial imtrement im x-cdirectiom

spetial imcrement im y-direction

helf the emitter width

base current

portion of base current injected intc emitter

portion of base current which recozbines with holes in the base region
current fiowing in incremental resistors

electron current demsity

hole current density

‘

ty
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collector currect demsity

Boltzmanm comstamt

Thermal conducti rity

emitter width

Lezgth of emitter finger

diffusion Ilengthh of electrges im smitter region

nuaber of ircreneats in half the active base region
electror conceatration

the average electron concentration in a incremental transistor
base region

intrinsic electron concentration

equilibriux electron concentration in the active base region
hole concentraticn

excess hole ccacentration (p' = p - po)

equilibriun hole concentration in emitter

equiiibrium hole concentration in the zctive base region
electron charge

incremental resistor

temperature

sink temperature

Time

Voltage

Collector to Emitter voltage

Emitter base junction voltage

Base width
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X K - Collector body thickness

: é x - longitudinal direction

; i ° y - Transverse direction

E 4

; Ay - width of each increment in the active base region
: p - Mass density

'i o' - Charge density

3 g - Conductivity

’ € - Permittivity

3 Yar ~ The fraction of transverse base current that is drift current
: T - Hole life time in base region

E- Ty - Electron iife time in emitter region

%i M ~ Mobility of electrons

é Moo ~ Low level injections electron mobility

?: ebo Low level electron mobility in base

;j Heeo ~ Low level electron mobility in emitter
5 By - Hole mobility

% Mo ™ Low level injection hole mobility

z Yhbo " Low level hole mobility in base
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B. Calculated Results for Specific Transistor Designs:

A PNP planar power transistor structure with design parameters listed

in Table 1 is analyzed. Once the operating conditions are specified the

steady-state current density and temperature distribution in the emitter

are plotted with the aid of a CalComp plotter. The following design

parameters are varied one at a tine and the current and temperature distribution
at a given power density calculated:

1. Chip chickness

2. Base width

3. Emitter width

4. Base doping

The steady-state current density and temperature distributions have also

been calculated for different current and voltage operating points and
different heat sink temperatures. These curves are presented in Fig. 7
through 12. Thermal stability is tested in each of these cases by introducing
a temperature impulse of 3°C at a point (x,y) shown in Fig. 6 and following
the disturbance in time. The resuits of this test are given on each graph,
indicating stable or unstable behavior. In the case of thermal instabilicy,
the time constant for thermal run away is indicated.

1. Effect of Varying Collector Current and Voltage for a Given Operating

Power Level

The thermal problem encountered in operating a transistor at high voltages
at a given power level is indicated in Fig. 7. The central emitter finger of
the power transistor, shown in cross section in Fig. 1(a), is taken to be

operating at 50 watts dissipation, in the active mode. The current density

-28-
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Table 1

Design Parameters for a PNP planar Power Transistor

Structure

Parameter Description Value Unit
Hebo Low level electron mobility in base 1270.0 cmZ/V-sec
M bo Low level hole mobility in base 487.5 cmz/V-sec
Feeo Low level electron mobility in emitter 65.0 cﬁzlv-sec

T Hole lifetime in base region 25 usec
w Base width 20.0 um
Peo Equilibrium concentration of holes in emjl.5 x 1020 p/cm3
n, Intrinsic carrier con. at room temp.in Sjl.5 x 1010 p/cm3
T, Electron life time in emitter region 2.0 nsec
N No. of increments in half the base regiom 20 -

L1 Emitter finger length 2500.0 um

n The base doping 1.0 x 1015 p/cm3
H half the finger width 127.0 pm

W Collector body thickness 3.0 mils

and temperature distribution in half of this emitter is shown in Fig. 7.

Note that the peak temperature achieved in the device is about 108°C when
operating at 20 Volts and 1.5 Amps., while a maximum temperature of only 62°C
is reached at 7.5 volts and 4 amperes; this in spi.e of the extreme edge
"crowding™ in the latter case.
case results in a low grounded-emitter current gain, hFE’ of only 3.8. A

somewhat reduced current level of 3 amps. gives much less crowding, an hFE

-29-
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P 1

Fig]:

{a) Curreat density distributions along half the transistor

center finger base cmitter junction and (b) tceperaturc distributions

al {inger widih caicuiated for the followimg
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design paramcters and cperating conditions:

Symbol X -+ [aY jul
Vg (velts). 20.0 15.0 10.0 7.5
Tglamps) - 1% s 2.0 3.0 4.0
Peg 36.7 42.4 17.9 3.8
stability unsiable stabie stable _stable
delay time(ns) .14 ‘ - - -
Base Doping‘= ix 101.5/cm3 i
20 , 3

Emitter Doping = 1.5 x 107 /cm
Base Width = 20 um

25 us

Hole Life Time

Chip thickness = 3 mils (0.060762 cm)

Emitter Width = 10 mils (0.0254 cm)

i8ink Tempcrature = 28.5°C

Emitter Finger Length = 2500 pa
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A stability casputatien alowg The [imes discossed i» Sec. I iadicates
what tie kigh voclitage, low carvent operating mede is basicaliy austadie wkile
the low roltage, high currest czses are thermally stadle. This datz, presented
im Fig. 7 predicts that ir the case of imstability, 2 time delzy of 8.14

=i'’liseconds occurs before the silicom becomes Lrtrimsic.

2. [Effect of Reducing Traxsistor Chip Thickmess

The 2ddiviomal thermai stabilitr achieved br thinming dows tae traxsisicr
chip so that the heat ir the Zdevice cax be more efficiently ramoved by the
bezt siak 1s weii imoum. Fig. § Bowever cleariy demcmstrates quaztitatively
the reductiioz & maxinam tepprrzture ackieved iz the tramsistor emitter,
operating ai a power ievel of 2J waits, by rediucing the ckip thickmess from
7 mils to 2 mils. Az T mils thickness a2 temperature of 132°C is reached
at the emitter certer, while the temperature there only reaches 56°C whem
the chip is thinned o 2 mils. A stabiiity caiculatior indicates that the
device is subject to 2pné breasdown for a2 chip thicikress of 7 =mils or more,
but is stabie for a thickness of 5 nils or iess, at -5 watts dissipation.
Since the tnin chip is essentiail: isothermal, the transverse base current
causes crowding to the emitter edge and hence a somewhati reduced hFE of 13.5.
The current gain for each of the four chkip thickness considered is indicated
in Fig. § as well as the tize delay in the case of ther=zsl rum away which

is 0.51 rilliseconds.
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Fig. &

() Caxrest deasity éistyiluzions alsag Jalf the T-msistse

cestey fingey lase exitiex junctisx aad (B) temperatare

distrilxtions alexg ialf the cessxal fizger width caicwizsed

faxr the following design parameters axd epexating cemditiars:

Es,-bl o A + x

ip Thickaess! 2.0 3.9 5.0 7.0
- 13.5 17.9 2.3 .6
Stability stable | sible | stadle | westaslc ,
{Belay tize(ss) - - - 51

'G = 10.0 wolts

I = 3.0 Amps

hsehyigzlxlalslms

Exitter Popizg = 1.5 x 10°° /x>

Rase ¥idth = 20 =

Hole lifeiime = 235 us

Siak Texperature = 28.5°C

Exitter Width = 10 xils {8.025¢ c=)

Exiticr finger lg=gth = 2500 =
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3. Hfect sf leat Soak Tewpesstawe
The pessibiiity of achierisg sewe stable ramsistor epesation by cselixg
the hest sisk is indicated by the results shown 3w Fig. 9. If the hest sixk

m which the device 15 ssunted 15 permitied 1o rise to a2 tamperature of 100°C
x aleve, vhile £éissipgating 0 wits per emtter finger, it becames theswmmliy
mstable and the sil:com will become ingrizsic 0.33 millisecands after =
ixitiatiag heat impxise. This sase device severtheless will aperate stably
at a heat sizk temperature of 65°C or 2elom. Efficienzt cesling of the heaz
sizk 13 -25°C will tend 1o sake the ch:ip evem sore stable and essentially
:sothermal. It thez the tramsrerse hase cmrrest wiil camse edge cromdiag

of tie emitter cxrrest aad deace jow k.. These resclts are shewm i» Fig- 9.

4. Effects of dase Nidtk Yariatioms

¥ide base vidta power traasistors are fousd experimeatally to be asre
stable thermaliy thaa marrox base, potestially kigh frequescy devices vhea
operatiag at tae same power level. This is coafiramed by the results of
caiculatioes shoam iz Fig. 10. The current demsity aad tewperatire
distribuctioms are gziver for devices varyimg ia base from 20 to 5> microzs. The
lifetine of holes ir the base is chosem so as 15 mormaliZe the ccrent gaia
in eack case to about 18. Witk the traamsisto: coilector operating at e[ waits
dissipation, only the 20 and 15 microm base width devices are tkhermally
stabie. As the base width is reduced to 10 and 3 microms, thermally unctabie
cperation is predicted and the time constant for thermal run away is reduced
as the basewidth is decreas-d. This is due to severe crowding to the emitter
edge caused by the iarge tr.asverse base voltage drop which results fros high

base resistance due to the rnirrowe. base lsyer. Note that the current
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Fig. 9:

(3} Cazrext dexsily dssiriuiions aloag lf the trassistor
cexler fiager base exitter saciioc aad (0] tesperature
distribatiors aloeg 2a3lf the cextral fiager width calculated

for the followizg design parauetess azd ozcratisg comditioes:

i Synbol i D i A + X

Sizk Temp (C} | 3000 | 6.0 | 28.5 | -25.0
k_ 5.6 | 2.8 17.9 5.1
Stability umstable ; stable | stable | stable |
] - -
[Selay tize(ms) 33 ! - - - J

¥ti = 10.0 woits
IE = 3.0 Amps
2ase Doping = 1 x 10°° Jcu®

. . 20 3
tnmitter Doping = 1.5x 10 /aa
pase Kidta = 20
Hole Lifetize = 25 us
Caip Thickness = 3 zils (0.05762 c=)
Enitter Wid:h = 15 =ils (0.0254 c=m)

Emitter finger length = 2500 :a

PN

o0
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Fig.)o:

Al e fLia Liic b aand Sy o)

Aaktaii)

(a) Current density distributions along half the transistor
center finger base emitter junction and (b) tempcrature
distributions along half thec central finger width calculated

for the following design parameters and operating conditions:

2 Symbol 0 A + X
Base Width (um) 20.0 15.0 10.0 S.0
3 Hole Lifetime(us)| 25.0 2.4 .86 .19
hFE 17.9 17.7 18.1 18.2

| Stability stable stable |unstable unstable
‘  Delay timc(ms) - - A7 .05
1
é VCE = 10.0 volts
: IE = 3.0 amps
% Base Doping = 1 x 1015 /cm3
: Emit»r Doping = 1.5 x 1020 /cm3

Chip Thickness = 3 mils (0.00762 cm)

Emitter Width = 10 mils (0.0254 cm)

Sink Temperature = 28.5°C

Emitter Finger Length = 2500 um
i
|
j
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density distribution plot of Fig. 10 is semilogarithmic and predicts a

current density ratio of more than 1000 to 1 from the emitter edge to the .
emitter center in the case of the narrowest base layer. These results

indicate that other disign or operating power restrictions have to be

imposed in order to provide stable narrow base transistor operation. One

aid to stable high frequency transistor design is the narrowing of the emitier

finger widths. This is demonstrated in Fig. 11.

5. Effect of Varying Emitter Width

Narrowing of the emitter width keeping the same average current density
in each emitter, results in more uniform current density and temperature
distributions. Also the peak temperature in each emitter finger is reduced as
the fingers are narrowed. The wide emitter device tends to exhibit more edge
current crowding. Of course a device in which the emitter width has been
reduced by a factor of two should have twice as many fingers to be able to
compare transistors operating at equal power levels. That is, devices of
approximately the same total chip size operating at the same power level,

should be compared.

6. Effect of Varying Base Impurity Concentration

It is of interest to consider the effect of increasing the base donor
concentration, particularly for narrow base width transistors where the
transverse voltage drop due to intrinsic base resistance can cause severe
current crowding. The result of varying base doping by four orders of

13

magnitude, from 10" to lO17 donor atoms/cm3 is shown in Fig. 12. Curves

are plotted both for the normal basc width (20 microns) and for the narrow

PRSI S
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- Fig. i:

(2} Current deasity distributions along half the traasistor

center finger basc emitter junction and (b) temperatuze

distributions along naif the central fimger width calculated

for the following design paraccters and cpzrating conditicas:

Syzbol sy O X +
Enitter Width (zils)| 15.0 | 10.0 6.67 | 5.2 i
1

1 (asps) a.s | 3.0 2.9 1.5

i
hFE 9.3 17.9 18.2 17.3% i
Stability stable stable |stable stable I

VCE = 10.0 volts

Base Doping = 1 x 10 3

15 Jcn

Emitter Doping = 1.5 x 1020 ="

-

5

Base Width = 20 ym
Hole Lifetime = 25 us
Chip Thickness = 3 mils (0.00762 cm)

28.5°C

Sink Temperaturc

Emitter Finger Length = 2500 um
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Fg. 1 (a) Gawrext dessity distrinsiaes aieng alf the trassistec
cexter fiager sase exciier juction aad (B) lemperatsve
foxr tie follexiag desizs puraneters xad operaiizg ceaditiscs:

3

 Symisol R F x P
" - ot i :
m% . 16t ; 103 E 10"’ 1w
Base MidizGa} [ 29.0 | 6.0 | 100 6.0 ;
Bole Lifetive(zs)! 5.0 | 506 | to ! 10 !
ko E 1.5 n 184 | 10.2 B
istsbilizy | stadie iwmstable -wmstable ;m:s:zbic

Delzy Tizme{uns) § - E 140 | .47 01‘

VCE = 10.0 volts

IE = 3.0 2mps

2 3

Emitter Doping = 1.5 x 10 2 [=)

]

Chip Thickress = 3 =ils (0.00762 ca)
Emitter Xic¢th = 10 mils {0.0254 ca) -
Sink Texperature = 28.5°C

Emitter finger length = 2500 uz *
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tese {:0 micvens) case. The hesnier depang desages geaerally vesslt in

someviut Joney pe3i losperatawes. dewever the effect is wery swsll, presamdly
siace the dese csadactsvily s sevevel; swdulates anéd the 1ajected carriers
essent:aily determumne Uike Base res::tamce 1z 2!l cases, rathey thes the dase
jsaer —secextrat.m. Yete agae hat the zacvew base width resslts is
thermal instalility dve to severe carvenmt (romding "o the emitter edge and

z Righ peak lemperature There. Agair the base li.etimes bave beex adjusted
o Temd 10 mormilize the zrreat gains im spite of sase midth variatioms.

The time constart for thermal mmanay appears to be reduced as the base

oondoctivity is decreased.
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11. EXPERDEXIAL RESULTS

In ender te campare the results of the thesretical calcslation of
the emitter crvest density and temperature distribution as well as the .
stable powcr limitation of an operatisg tramsistor, scaswrement techmigques
bed 1o be deveioped. The cuxrest demsity im 2 portion of the emitter of
a3 traxsistor cam be calculated if the local emitter-base juactiom voltage
and the teoperature are knowm there. Electrical probing alosg the emitter
fingers was used to determine the lomgitudinal junction woltage variatiom.
Thermal probing employisg -holesteric ligquid crystals was used to provide
a tesperature mapping of the silicom tramsistor chip surface. Fimally a
c.ranit was comstructed to stress the tramsistor to successively higher
. wer levels to the point of 2nd breakdown and then suddemly switchirg oif
the power to avoid thermal destruction. In this way ithe maximm stable

operating power for the device was determined.

A. Electrical Probigg;

The experimertal arrangement fcr voltage proting along the emitter
fingers is sketched in Fig. 13. The sharp steel jrobes may be placed at
different positions along the :interdigited emitte: and base metallization
and tae potential at these points determined with respect to the emitter
lead potential (taken as zero,. Initially a determination was made of the
sheet resistance of the emitter and base metallizations. This sheet

resistance can be calculcted from the formula

SHEET RESISTANCE (OHMS/SQUARE) = ( ol IR




EXPERIMENTAL A ARRANGEMINT

Inlet for
Temperature
Controlled
Water

A: Powsr TransisToR
B: Hear Sk

C: PROBE ARRANGENMENT
D : BINOCULAR M:LROSCCHFE




whzore AY is the potestial differexce betwcea two success’ve points alomg
the meisllization spaced a distam:e L apart. 1 is the current and ¥ is
the width of the metallization. Fig. 14 shows a plot of AV in millivolts
versus 1 in amperes for the emitter metazllization of an 2N3263 power
transistor. The sheet resistamce determined from the slope of this curve
is found to be 0.0042 Olms per square for this alumimm metallization.

In an attempt to investigate the miformity of curreat emission along
the length of an emitter finger, the emitter-base junction voltage was
measured at the emiiter lead end and at the far end of the finger. If the
difference between these voltages (Avl and AVZ respectively) is negligible,
this would indicate uniform e-issious. However a large discrepancy between
these two potential differences would tend to indicate that the emitter
current flow is essentially cut off at the far end of the emitter finger.

A plot of (AV1 - AVZ) as a function of total emitter lead current shown

in Fig. 15 demonstrates that significant non-uniformity of emitter emission
begins to occur at a total emitter current of 5 amps. The initial slope

of this curve corresponds to the normal emitter metallization potential
drop. The potential drop along the base metallization is negligible over
the range of current values used, hence the base metallization may be taken

as equipotential.

3. The current density at any point along the emitter is assumed to
be exponentialiy dependent on the junction voltage there.
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19 Millimecters to the Centimeter
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It is also of interest to determine whether the outer emitter
fingers on the chip carry less current than the central finger at high
current levels, since the transistor chip will be cooler at the edges.
The result of probe measurements along an outer emitter finger and the
central finger are shown in Fig. 15.. The fact that the potential of the
central finger is higher than that of the outer finger at all current
levels can possibly be explained by the lower temperature at the edges of
the chip.

However a true determination of the current density distribution in

the transistor chip requires the independent measurement of both voltage

and temperature, simultaneously. Then the current density, IE' can be
calculated from the expression
-[E_ - q(Vp+I R.)]
Ip = e exp{ EB BB, (43)

nkT
where T is ti 2 absolute temperature, Eg is the energy gap width, q is the
electronic charge, VEB 1s the emitter-base junction voltage, IB is the

base current, R_ the base resistance, k is the Boltzmann constant, n is

B
a number between 1 and 2 and B is a proporticnality constant. The conclusions
of emitter end cutoff and outer finger cutoff are confirmed by interpreting
the data given in Table 2 wi.h the aid of Eq. (43). The voltage difference
between the outer and central finger at a ccllector current of 7.5 Amps. is
consistent with an approximate temperature differential of 20°C. However

a more precise determination of the current density distribution in the

chip requires a separate temperature determination and a method for making

this measurement will be descrited next.
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Central Emitter Finger |End:Emitter Finger v
I.(A) | Ig(mA) ! : - : CB
, ' *
AVEB _ AVEB : AVEB AVEB volts
1.5 20 725 mv |- 720 mv 725 mv - 720 mv {+0.46
3.0 .30 | 705 700 - 705 700 +3.0
5.0 50 730 © 720 735 | 725 +2.12
5.0 70 " 780 | 770 780 770 +0.52
7.5 70 705 l 685 . 715 695 " {+3.25
AVEB refers to the base contact end; AVEB' refers to the emitter contact end.
Table 2, ‘

B.  Temperature Determination Usiﬁg,Liqpid Crystals

Cholesteric liquid crystals ‘were used ,very ‘effectively to plgc the
isotherms on the surface of a 2N3263 transistor'chip while operating in. the
active region [12]. Liquid’crystafs, useful in different temperature ranges,
are readily available commercially4 and their application on the surface of
a silicon chip is'easy and in no way effect thé char;cteristics of the
device. Some liquid crystals, when observed in white light, éhénge color
over the c;mplete spectrum (red.to violet) due to a 'temperature rige of
1°C, while others require a change of 50°C or more for this chéngelto takeu
place. A variety of other ;angeé can be' obtained by mixing two liquid
crystals. |

At first the various liquid crystals to be uéed had to be calibrated

for color versus temperature. For this purpose, thin aluminum lines were

fabricated on small glass slides by tﬂe process of evaporation, photorésisting

4. For example Vari. ight Corporation, 9770 Conklin Rqéd, Cincinnati', Ohio.

i
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and then etching. Standard microelectronic techniques were used and line
widths from 10 to 40 mils werc obtained. The geometry of the aluminum
patterns used arc shown ia Fig. 16.

The effectiveness of using liquid crystals to detect temperature changes
on the surface of the uctual transistor chip was tested with the help of
these slides by passing current through these Aluminum lines and observing
the color changes. From the color patterns observed and some calibration
curves, it vas possible to plot the isotherms for these thin aluminum lines.
The reason for using aluminum is obvious as the emitter and base metallization
in'an actual transistor is also aluminum.

For calibration purposes these slides were placed ir a grooved recess
on top of an accurately controlled hot-plate. A thermocouple was also

connected beneath the slide. A drop of liquid crystal was placed on the

.slide (pre-blackened liquid crystal or, if the liquid crystal is colorless,

then a base coat of some inert black paint is applied5 to the surface before
putting on the liquid crystal for better detection and contrast of colors).
The temperature of the slide was raised very carefully and the various color
changes of the liquid crystal werc ohserved. Thus in this way the various
available liquid crystals were accurately calibrated for color change

versus temperature. A typical set of calibration data is shown for Vari-light
Corporation's liquid crystals solution VL-126190 whick is effective in

the range 126 to 190°C, is shown 1in Table 3,

5. This black paint can later be removed easily using petroleum ether.
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y > 40 Mus.

T\IO Mus, . :]

LINE PATTERN FOR TEMPERATURE
CALIBERATION OF LI1QUID CRYSTALS

FlG. 16

-61-

Sox —emm

T

e R G




Ry T

VL - 126190

LIQUID CRYSTAL SOLUTION

Color Temperature
Colorless > 190°C
Colorless to Violet 190°C
Violet Center 183°C
Violet to Blue 170.5°C
Blue Center 165°C
Blue to Dark Green 160°C
Dark Green Center 156.25°C
Dark Green to Light Green 148°C
Light Green Center 145°C
Light Green to Orange 140°C
Orange Center 138°C
Orange to Red 133°C
Red Center 130.5°C
Red to Colorless 126°C
Colorless < 126°C

Table 3
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Temperature isotherzs on the surface of a IN32€3 tramsistcr chip
operating in the active region6 were ncw plotted. A plst of these is-therms
is shown in Fig. 17. ¥kile observing the tzsperature distribution on the
nine emitter fingers 5f this interdigited device, the fingers were electri:zally
probed, yielding the base-emitter voltage, VBE’ at various points along each
of the emitter fingers. Assuring that this measured voltage was essentially
across the emitter-base jun:fion7, the average emitter current demsity at

each point was calculated using the expression

kT) (44)

EB/

JE = ATsexp(-Eg/nkT)exp(qV

The calculated average current densities at various points along the central
emitter finger of this device are plotted in Fig. 18.
Since n in Eq. (44) lies between 1.0 and 2.0 but is unknown, three different
curves are plotted for assumed values of n = 1.0, 1.5 and 2.0. Ir spite of
the fact that this uncertainity in n doesn't permit calculation of the
absoiute vaiue of the current densities, the relative current distribution
ind.-~ated in Fig.18 is seen to be independent of n. This graph shows a
peaking of current density about half-way along the central emitter finger
and a tendency toward current cutoff at the end or finger furthest from
the emitter feed lead.

Another set of curves depicting the current density variation along
each of the nine emitter fingers is shown in Fig. 19. Here arn average value

of = 1.5 is assumed for calculation purposes. In almost all cases the

6. The device was operated at an emitter current of 3 Amps and a collector
potential of 3.7 Volts,

7.  The IBRB base resistance drop was assumed to be negligible,
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current density again peaks nearly half-way along the various emitter
fingers. A curious result however is the averag:c current damsity in the
tws outer fingers (Nos. 1 and 9) is distinctly lower than all the other
fingers with the exception of no. 5. Cooling at the edges of the chip
would explain the lower current density estimated in the outer fingers but
doesn't explain the lower current density in finger No. 5. This cannot be
explained in terms of cooling via the emitter and base feed leads either.
It is concluded that although the general form of the isothermals shown
in Fig. 17 correspond to cooling from the edges of the chip, the symmetry
of the temperature distribution is skewed away from the emitter feed lead.
This can perhaps be explainel by hot spots in the middle of tinger Nos. €
and 7, and hence the higher :current den. .ty in these emitters as seen in
Fig. 19. The low current density in finger No. 5 may be due to high series
resistance.

Figs. 20a, 20b and 20c¢ show color photos of the transistor chip
coated with liquid crystals at various emitter current levesis. The photo
in Fig. 20a is taken at a comparitively lower emitter current than Fig. 20b
and 20c and one can see that the heating is quite non-uniform and skewed
towards the right. This non-uniformity is more pronounced in the photos
of Fig. 20b and 20c, which are at almost double the current level as compared
to Fig., 20a. Here it depicts quite distinctly that the left half of the
transistor is rather cold as compared to the right half and that even in
the right half some regions are more hot than the others, the difference
being as much as about 60°C (between violet and red). This non-uniformity

in heating of the transistor chip especially at high current levels may be
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accounted for by improper heat sinking or the change of transistor
characteristics and possible damage due to previous 2nd breakdown testing
or other stressing. Dramatic skewing has been observed in transistors that
have been previously tested numerous times for 2nd breakdown.

A similar isctherm plot was made, this time for a brand new transistor,
untouched except by the manufacturer. This plot is shown in Fig. 21. From
this again the transistor chip is hottest near the center, with the hottest
portion again slightly skewed towards the right. The 9th finger (finger on
the extreme right) is hotter as compared to finger 1 (extreme left). This
may be why fingers 1 and 2 are carrying less current than the others as
shown in Fig. 22 which dzpicts a plot of the calculated current density
for the various fingers for n = 1.5. It appears from these curves that the
bottom left hand corner of the transistor chip is the coldest and conducts
minimum current as compared to the rest of the transistor chip. Fingers
5,6,7 being the hottest carry the maximum current.

The conclusion that can be d-awn from all of these curves is that the
central portion of the transistor chip in general conducts most of the
current. The boundary of the chip conducts much less current, particularly
the corner near the emitter lead cnd. Another point to note is that the
emitter regions are notter than the adjoining base contact areas since the
former are carrying substantially more current. Hence, in fact, the area
of the chip which is conducting is substantially less than the total chip
area, This is in contrast to the casc of a conventional thyrister in which
nearly the whole chip conducts current when the device is switched on. This
partially accounts for the vastly greater current handling capability of

thyristers compared to transistors available commercially today.
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B. Measurement of 2nd Breakdown Limitation on Commercial Powér Transistors:
1. The Test Circuit: J

In order to determine the 'second breakdown characteristics of various
power transistor§ under DC and puléed conditions, it is necessary to causé
the device to go into a conditioﬂ of second breakdown, detect this condition,
and then immediately remove powe£ from thq device before it is destroyed.

: 1 . '

Fig. 23 shows a block diagram of the .test set which was constructed to
prevent destruction of perr devices during forward—bias second-breakdown
testing. This test. set takes advantage of the distinct changes that occur
in collector current and voltage at the initiation of secéhd breakdown.
The collector-emitter voltage of the transistor suddenly drops to a low
value, while the collector current rises‘rapidly to a high value. This
rapid rise of colle;tor currgnt is detected by the second breakdown (S/B)

1

sensor, a low-inductance aii-core transformer in series with the cdllector
of the test transistor and coupled to a high g;in amplifier. The output
of the S/B sensor triggers the cut-out latch which reverse biases the
series-pass transistor causing the collector current of the test transistor
to decrease to zero.

The operating point at which the transistor is to be tested is
established by adjusting the base drive to the test transistor and the
power supply voltage, VCC’ which appears across the test transistor,
series pass transistor, and a one ohm current sensing resistor. Once the
desired level of collector current has been set by the Test Current Adjust

potentiometer, it is maintained at that value throaghout the test by a

feedback network consisting of a current sensing resistor and differentiai




; amplifier.

The collector-to-emitter voltage of the series-pass transistor is
. maintained at a constant value independent of test current by a feedback

network consisting of a collector voltage sensor and a differential amplifier.

? This circuit is incorporated to insure that the series-pass transistor is
cperating in the active region during normal operation, thereby minimizing
; ' turn-off time of the test transistor when second breakdown occurs.
If the test transistor has large leakage current, or if a slow thermal
runaway occurs, the collector current does not rise fast enough to be
1

detected by the S/B sensor and other means must be used to protect the

device. This is done by sensing the collector current level and triggering

the cut out latch when this level exceeds a predetermined value.

1 The schematic diagram for the forward bias second-breakdown test set
are shown in Figs. 24,25 and 26. This facility is capable of making second-

; breakdown tests at collector current levels up to 8 Amps and collector-to-

! ) emitter voltage levels up to 350 volts.

c A test is initiated by either closing the Test switch for DC operation

‘ . or applying a -10 volt pulse to the input of the current regulator for

pulsed operation as shown in Fig. 24. The setting of the Test Current

Yo

Adjust potentiometer determines the collector current level at which the
test is being made. The current-sensing feedback loop is arranged so that
only actual coilector current flows through the one ohm sensing resistor,
thus assuring accuracy of the test.

Stabilization of the current regulator is achieved by means of the

100 microfarad capacitor at the output of Ql4 and the 0.039 microfarad

-"3-
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capacitor at the basc of Q7. It is difficult to stabilize the current
regulator for all devices to be tested and at all test currents and
voltages within the test set ratings because the”gain-bandwidth product,
fT, of the test transistor depends on the particular device being tested
and is a function of the voltage and current levels of the test. Also, the
response time of the current regulator must be sufficiently slow to prevent
the S/B sensor from triggering the cut-out latch at the beginning of a test
which would incorrectly indicate a second breakdown. Because of these
restrictions on the response time of the current regulator, the minimun
test current pulse width that can be applied to the test transistor during
pulsed operation is 10.0 milliseconds.

The circuit for regulating the collector-to-emitter voltage of the
series-pass transistor is shown in Fig. 25. This voltage is varied by
adjusting the voltage ~djust potentiometer which establishes a reference
voltage at the input of the differential amplifier, Q6. Stabilization of
the voltage regulator is achieved by means of the 500 microfarad capacitor
at the output of Quv and the 0.015 microfarad capacitor at the base of Q9.
C18 and its associated circuitry maintain a charge on the 500 microfarad
capacitor while the test set is in a latched condition. This speeds up the
recovery time of the voltage regulator when che cut-out latch is reset.

Q7 turns Q9 off during a latched condition which minimizes the current

handling requirements of Ql0, a low-power high-speed switch. This, and the
operation of the series-pass transistors, Ql2 and Ql3, in the active region
assuve: that the test transistor is turned off within one microsecond after

second breakdown occurs.
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When the second breakdown occurs, the rate of change of collector current
is large, inducing a positive voltage at the input of differential amplifier
Q2 as shown in Fig. 26. Overvoltage protection for the input of Q2 is
provided for by diode D1 and the five kilohm potentiometer at tle input of
Q2 adjusts the sensitivity of the S/B sense circuitry.

Differential amplifier Ql detects a condition of slow thermal runaway.
The current level at which Q1 triggers is determined by the setting of the
five kilohm potentiometer at the input of this ampli. r. Diode D4 provides
positive feedback for differential amplifier Q3. Thus, once a condition of
second breakdown or slow thermal runaway occurs, Q3 will remain in a latched
state until the reset push button is depressed, holding the test transistor

in an off condition.

2. Experimental Results on Second Breakdown:

Experimental studies of the forward-biased second breakdown characteristics
of various commercial power transistor were conducted under DC and pulsed
conditions and for various device case temperatures. The S/B Test Set was
used during these studies to prevsnt destruction of the devices being
examined. To stabilize the case temperature of the device under test, all
measurements were performed with the device mounted on a water cooled heat
sink having a thermal resistance of approximately 0.1 degrees centigrade
per watt. Device case temperature was monitored by means of a ther nocouple
affixed to ine heat sink adjacent to the device.

The second breakdown locus for a given device is determined by first
setting up the desired collector current level at which the test is to be

made by .izans of the Test Current Adjust potentiometer. This is done with
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“k collector voltage supply set at some low value. Then the collector
voltage level is incrementally in:reased until second breakdown occurs within
the test period. After a single point on the curve has been experimentally
determined, the validity of the measurement and an approximate indication of
device degradation is checked by repeating the test with the collector supply
voltage reduced by one volt; second breakdown should not occur within the
test period,

The experimentally determined loci of the breakdown characteristics
for the type 2N3054, 2N3772, and 2N3055 power transistors are shown
in Figs. 27, 28 and 29, respectively. The type 2N3054 is a 4 ampere, 25 watt
device; the 2N3772 is rated at 30 amps, 150 watts; and the 2N3055 is rated
at 15 ampere and 117 watts. All are silicon devices having single diffused
"homotaxial''structures. Base resistivity of these transistors is 7-12 ohm-
centimeters and each has a base width of 0.65 mils yielding a minimum
gain bandwidth product, fT’ of 800 kilohert:z.

An estimate of the thermal-equilibrium junction temperature by means
of the manufacturers specification of junction-to-case thermal resistance
and experimentally determined second-breakdown power levels yielded
expected junction operating temperatures in excess of 400 degrees centigrade
if the devices were tested under DC conditions. Therefore, the S/B test
time was limited to 2.5 seconds to prevent device degradation or destruction
by normal thermal runaway.

The primary breakdown (P/B) loci in these figures are plots of open-
base collector-+o-emitter breakdown voltage for the respective devices. The

similarity of thc S/B characteristics of these devices such as: the power
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levels at which S/B océurs being much greater than the rated power dissipatioh

levels and the concave downward shapes of the S/B loci may be attributed to

the fact that the three:types of devices ;esteﬁ have s{milar structures.
Results of a preliminary investigation of the température dependence

of second breakdown are also shown in Fig. 29. In ordef to more accurately

determine case temperature, these tests were conducted under DC conditions

and §/B me;surements Qere made only after the device had reached thermal

equilibrium. h )
Breakdown'characteristiés for the type 2N3263 medium-frequency

power device are shown in Figs. 30,31 and 32. ‘This devic? is of the’

diffused emittér dual epitaxial %ayer type having maximum raring§ of 25 o

amperes collector current and 125 watts collector dissipation. It has a base '

width of 0.10 mils and a minimum‘fT of 20 megahertz. |

Figure 30 clearly shows that for values of collector-to-emitter
voltage greater than 25 volts and less tha£ that which causes primary breakdown,
the maximum DC power level the device can be operated at is determined by
the DC S/B characteristics, not the maximum DC power dissipation rating of
the device. Also, for a constant opecrating power level within this region,
the device is more stable operating at 10& voltage, high cﬁrrent compared to
operation at high voltage, low cﬁrrent.

A preliminary investigation of S/B characteristics as a function éf
collector current pulse width is shown in %ig. 31.‘ Bgcguse of tne previously
mentioned limitations of the S/B Test Set under pulsed operation, modification i
of the present S/B Tes' Set or the construction of another test facility

that will generate coliector current pulse widths in the microsecond region is

in order. High frequency behavior ot S/B also needs to be investigated.
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The temperature desendence of S/B for the type 2N3263 is shown
in Fig. 32. 1t is interesting to note that for this device, an increase

in case temperature while operating at high current, low voltage degrades

device stability whereas it improves the stability of che device when

operation is at low current, high voltage. This sugsests further

investigation of the temperature dependence of S/B “/.th improved
methods of controlling and measuring device temper .ture.

It was decided to investigate, in a precisc .- aner, the concept of
measuring the emitter-base diode voltage at a fired value of current as
an indication of device temperature. The questiun posed was, 'where in
the device structure is the temperature being measured by this technique?"
Considering that the application of orly 1 milliampere of current to a
transistor such as the 2N2405 will provide uniform current flow and that
this current is mainly provided by space-chzcge generated flow, the diode

current-voltage relationship may be written as

/2

I = BT exp(-E,/2KT) [ exp(aV/2KT) - 1]. (45)

The experimental verification of this relationship as a function of
temperatire is shown in Fig. 33 and yields a value for B = 2.78 x 10_3.
If this transistor is now operattd at a high power level, the emitter
current-voltage relationship may now be modeled as
n g 2
Ip = A igl ) T exp(—Eg/kaij)exp(qVBE/nkTij), (46)
where th two-dimensional transistor cmitter 1s now considered to bde

compused of n x p individnal emitters connected in parallel. This model
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is the one that has previously been used in this program to calculate the
current and temperature distribution in an emitte: finger cross section,
but their variations along the finger were ignored.

A computer program has been devised to yield a value for the emitter-
base voltage for a transistor operating with an arbitrary temperature
distribution, with a small current applied. This would tend to show what
temperature is in fact being indicated by this technique of measuring the
junction voltage for a small applied current.

It was found that for various temperature distributions such as a
linear distribution, & gaussian distribution and a temperature impulse
(corresponding to a "hot spot') yielded results that tended to indicate
a junction temperature that was the arithr:tic average of the assumed
temperature distribution. The temperaturs which would be measured
electrically by this technique for a typ.:al emitter temperature distribution
(previously calculated) is shown in Fig. 34. Again approximately an

arithmetic average is '"measured".
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IV. METAODS OF IMPROV:EMENT OF an BREAKDOWN TRANSISTOR BEHAVIOR

The method of emitter ballasting to improve the second breakdown
behavior of power transistors has been practiced for some time by
manufacturers of these devices. Nichrome thin film resistors are usually
deposited on the silicon chip and electrically connected in series with
each of the emitter fingers of the interdigited device. Should a spurious
hct spot occur in any one of thesc fingers, additional current will tend
to be drawn by this emitter, causing an additional voltage drop across the
bailast resistors in series with it, which in turn tends to reduce this
current increase. This stabilizing feedback mechanisp icpends incirectly
on the local temperature rise through a current ircrease whach is sensed
and limited by a ballast resistor. A more direct approach to the problem
would be to sense the temperature rise directly and provide a feedback
mechanism to cutoff the excess current flow caused v this temperature
increase, since it is the latter which can destroy the device. A technique
for accomplishing this end is proposed involving a thin film resistor with
a negative temperature coefficient which shunts the emitter-base junction
locally, thereby limiting the increase of current to an emitter finger
which undergoes a spurious temperature rise. First the computation of the
proper vaiue of emitter ballast resistor for a given transistor design will

be discussed.

A. Ccmputer Calculation of the Siabilizing Effect of Emitter Ballasting:

The manner in which the maximum power that a given transistor design
can handle (free from 2nd breakdown) can be calculated along the lines

described in Section II. It is of interest to determine the improvement
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in the power handling capability of a specified transistor design, caused

by the addition of uifferent values of ballasting resistors. The technique
for carrying out this computer-aided calculation is as follows: First
calculate the steady-state curreat density and temperature distribution in
the emitter of a tramsistor of a given design operating at a certain power
level, as indicated in Section II. Now note the emitter-base junction
voitage, VBE' which is needed to sustain the specified emitter current. Next
assume a particular value of series ballast resistor to be placed in series
with the emitter, calculate the voltage drop across the resistor due to the
current flow and add this to VBE to yield the applied voltage, VA' New
assume a temperature impulse of a few degrees somewhere under the emitter
and recalculate the current density distribution due to this incremental
change in the temperature distribution. Then recalculate the new temp-
erature distribution, etc., following the time-dependent heat fiow analysis
outlined in Section II, this time maintaining a fixed applied voltage, VA.
The emitter-base voltage, VBE’ at each instant is obtained by subtracting
the drop across the ballast resistor from the assumed constant applied
voltage, VA' The criteria for 2nd breakdown is, as before, when each
successive iteratian yieids continuously increasing temperature values.

If stability is predicted by a settling down of the temperature rise due

to the initial tcmperature impulse, successively higher applied voltages

can “e assumed until instability is predicted. Now the new power capapility
of the given transistor design with a specific value of ballast resistor

has been determired. Calculations along these lines are being pursued and
the stabilizing effect of emitter ballasting for different transistor designs

are being investigated.
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B.  Temperature Sensing Stabilization:

In the Fourth Monthly Report a possible alternative to the idea of
emitter ballasting was suggested. Since the temperature rise is the
intrinsic cause of power transistor thermal run away, it was proposed that
a temperature sensing device which automatically reduces the current flow
to a locally heated emitter finger would be more appropriate than the
current limiting action of an emitter ballast resistor. The scheme envisaged
is shown in Fig. 35. The resistor marked R is a thin film semiconductor
resistor which is in good thermal contact with the transistor and can
bypass-to-ground excess base current caused by internal heating of the
transistor. Since a germanium resistor has a negative temperature coefficient
of resistance starting near 100°C, such a device would appear to be ideal
for this purpose,.

Hence it is of interest to compute the resistance variation of a pure

germanium resistor in its intrinsic range. The germanium resistance value

is given by

I L
RGe T oA : (46)

nq(u + up)A

where 2 is the length and A the cross sectional area of the resistor, oo up

are the electron and hole mobilities, n, the intrinsic density of carriers

and q is the electronic charge. Introducing the temperature dependence of

ni, My and up’ Eq. (46) becomes

_ C
RGe (47)

- o)
/26 B/ 2KT 1 2900300/ 7 + 1900(300/7)% 3
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Fig, 35: Circuit for Transistor Thermal Stabilization Using

a Semiconductor Tem,erature Sensing Stabilizing
Resistor, R.
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!
! where C is a constant, independent of temperature. Since the exponentiad
i

term domipates the temperature dependence, bq. (47) may be approximated by

; E /2kT
L
Ry, Cleg ™. (48)
Using instead the data on n, for germanium of Morin and Maita
E
R. @473°C
Le Yo (49)
R. @373°C
Ge

Hence the germanium resistance will decrease approximately by a factor

of 22 as the transistor temperature rises from room temperature to 200°C.
If the transistor is driven from a current source, the decreasing

; value of the germanium resistor with transistor heating will tend to cause

the input current to bypass to ground, preventing the device from over-

i heating. If the transistor is driven from a voltage source, the germanium

resistor will decrease in value below the resistor R, in series with the

B

transistor base connection and again the input current will be divertea

to ground. The resistor RB required will rnow be much lower in value than
that needed to limit the base current, if no germanium shunting resistor

i
i
? were employed. An analysis indicates that the base resistor required is
!

; given by
N ] + 8
( A ) .
¢ ! RB = ’I"" » (50)
t 1 +8 Bl
; (1 - Ytovs) Mg/ Mpe2)!

where o represents the ratio of the semiconductor resistance value, Rl’

at low temperature, Tl’ to that at a high temperature, T2’ B = RI/RB’

Y = VEBZ/VEBI’ hFEl and hFEZ represent the ratio of the transistor current
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gains at low and high tesperature and IBl is the transistor basc current

at low temperature. The value of RB 56 calculated will insure that the .

collector current at high tewperature will just equal that set by IBl at

low temperature.
The derivation of Eq. (50) may be obtained by writing the following

circuit equation, assuming V, = 1 for simplicity:

A

VA = ] (51a)
1-Vge = LR (51b)
Vge = IgR (51c)
I, = 1p+ I {51d)

Combining these equations gives

. - IRy (/R - 1)

R ops Ry (1 + R/R) '

If the device parameters and current values at the initial device temperature

is denoted by the subscript 1 and the subscript 2 denotes ¢ higher

temperature that the device is suddenly raised to, we can write

gy (/R - 1) {1+ Ry/Rp)

I (52} |

R2 (I/RB - IBI)(I + RZ/RB)

Defining R, = Rl/a and RB = RI/B = aRz/s, where a is determined by the

temperature variation of the Ge re:istor, Eq. (52) becomes

Syl (53)

i - [+ 8/a a
R2 /Ry - 1 . %
3
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Now defining v = Vyp Ny, = LR/ R = Ip /e Iy, Eq. (53) can be

written as

1‘%—’-—:-’)—‘2'(1/5 - 1gy) = (/R - 1,5). (54)

For stabilization let us require that 1, =‘1CI so that b T = ;FEZIIZ’
using the definition of the grounded-emitter curreat gain, hep- The value
of RB required can now be writtem as in Eq. (50). Rl is obtained fto--

R, after a value of B is chosen. From good current gain considerations

8 should be about 5 or more and a Qnd Y are knouﬁ f;b- semiconductor theory,
once the temperature dependence of hFE i; defined, so that all parameters

are deterr‘ned. As a sample calculation, let us assume that hFE is

temperature independent and I . =

c2 ICl‘ then
EEL =1= De-(gﬂ-quEl)/nkZl (55)
Igs De'(Eg'qvnﬁz)/“kTZ

where D and n are assumed corstant and independent of temperature. Solving

- . . .
for vy VBEZ/\BEI yieids

<

o
m
‘N

]
SNy
Ny

- ( (56)

<

- I)Eg/quEl’

BE1 1

and assuming Eg % 2qVBEI for silicon junctions,

/ ¥ (@2 - T2/T1),

- 7
Y = Vppa/ Ve

so that y can be calculated.

The details of the practical implementation of this invention are

being pursued.
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Vi. Comclusioas and Fulure Nork

A techmique has been developed for the theoretical amalysis of the thermal
behavior of various power traasistor structures operatiag in the active regiom
at low frequeacies. Computation of the electric curreat and heat flow problem
yields a prediction of tne stead;-state temperature and curreat distribution
in a givea interdigited tramsistor design. Should the specified operatiag
pover be to high, excessively elevated temperatures will be predicted and the
semiconductor material vill be raised into its "imtrimsic”™ ramge, resulting in
ordinary thermal rumaway. In additiom, a device operating mormally in the
steady-ctate, at a relatively high power level, can become mastable if a spurious
temperature rise occurs somevhere in the tramsistor chip. For them a "lateral-
thermal instability may be predicted causing a2 very local comceatratiom of
current at the hot spot and resulting in a contimuously increasing temperature
there, in time. This constitutes a rodel for forward second breakdowm. A
stuly of the effect of device design parameters such as chip thickness, bcse
width, emitter width, base impurity concentration, etc., on thermal stability
has yielded information which may be used to optimize power tramsistor design.

Experimental probing of the tramsistor temperature distribution, using
cholesteric liquid crystals, coupled with voltage probing along emitter fingers
has yielded information on the temperature and curreat distributions in a DC
operating device. Actual DC and pulse testing of transistors has supplied data
on the maximm power capability of commercial devices, particularly versus case
temperature.

Future work will include the following areas:

1. Theoretical evaluation of the temperature sensing germanium resistor
method of transistor thermal stabilization versus the ordinary emitter

resistor ballasting scheme.

2. A coupling of the technique of liquid crystal temperature probing with
the cecond breakdown test circuit, in order to pursue thermal studies

near the device irstability point.

3. An extension of the theoretical study of thermal instability to high

frequency and pulsed transistor operation.
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